Abstract-In wireless OFDM-based systems, coding jointly over all the sub-carriers simultaneously performs better than coding separately per sub-carrier. However, the joint coding is not always optimal because its achievable channel capacity (i.e. the maximum data rate) is inversely proportional to the dynamic range of the channel. In this paper, we propose a novel cross coding scheme to increase the maximum data rate (i.e. the noise floor) achieved in frequency selective channels. The proposed OEC-II is based on fountain codes. The key element in OEC-II is to exchange the modulation order with the discarded subcarriers. In such case, the system can increase the noise floor by only taking care of the sub-carriers with high energy. By transmitting a fountain-encoded packet over a single sub-carrier, the packets can be discarded if they have encountered a lowenergy channel. Fountain codes can recover the source data by only using the surviving packets. With the same effective transmission data rate (i.e. 10.8 Mbits/s), OEC-II with QAM-16 has a SNR gain of around 7 dB over the FEC layer from the IEEE 802.11a standard, around 8 dB over the FEC layer from the IEEE 802.11n standard, around 7 dB over OEC-II with QPSK and around 3 dB over OEC-II with QAM-64.
I. INTRODUCTION
The wireless channel is a hostile environment and often modeled as a frequency selective fading channel. Orthogonal Frequency Division Multiplexing (OFDM) [1] [2] [3] has become a fruitful approach to communicate over such channels, as it eases the equalizer in the receiver [4] [5] . To overcome the effects of noise and interference encountered in the transmission of the signal through the wireless channel, Error Correcting Codes are used as a means of utilizing the wireless channel at full capacity [6] .
With OFDM, coding is done in the frequency domain. Over a finite block length, coding jointly over all the subcarriers yields a smaller error probability than can be achieved by coding separately over the sub-carriers at the same rate [4] . The joint coding scheme employs the fact that subcarriers with high energy can compensate for those in deep fading. OFDM signals in the time domain are distorted by the noise and interference during the transmission, but the signal detection (i.e. error correcting decoding) happens in the frequency domain. The Fourier Transform gives us the constant level of noise floor in the frequency domain for all the sub-carriers. In the frequency selective fading channel, some part of the channel has high energy but some parts suffer deep fading. Because the joint coding scheme treats each subcarrier equally important, the maximum noise floor depends on the dynamic range of the channel. Higher dynamic range means lower noise floor level. The maximum data rate over the channel is limited by the noise floor. To relieve the above limit, the question we should answer is: Can we design a system in such a way that sub-carriers in deep fading can be ignored but that we still achieve reliable communications? In many frequency selective fading channels, only a small part of the channel has a high dynamic range. Let us take Fig. 1 as an example, the dynamic range of the whole channel is around 16 dB. As we can see, the deep fading part occupies a large part of the dynamic range, but deep fading only happens in the frequency band of −1 ∼ 0.5 MHz. By discarding this 1.5 MHz sub-band, the dynamic range of the channel is reduced by 50% (i.e. around 8 dB). Obviously, the joint coding scheme does not allow us to discard it. But with fountain codes, we can.
In this paper, we propose opportunistic error correction based on fountain codes that allows us to discard those parts of the channel in deep fading. Fountain codes can reconstruct the original source file by collecting enough fountain-encoded packets [8] . It does not matter which packet is received. We only need to collect enough packets. In other words, fountain-encoded packets are independent with respect to each other [8] [9] . Because fountain codes are designed for erasure channels, error correcting codes are required to transfer the noisy wireless channel into an erasure channel. If a fountainencoded packet is transmitted over a single sub-carrier, we can reduce the dynamic range of the channel in two possible ways. Option I is to exchange the code rate of error correcting codes with the number of sub-carriers in deep fading; Option II is to sacrifice the sub-carriers in deep fading by using a higher order modulation. In both cases, the receiver is allowed to discard fountain-encoded packets over the sub-carriers in deep fading. Correspondingly, the level of the noise floor increases. There are two coding steps in opportunistic error correction. First, source packets are coded jointly over all the subcarriers by fountain codes; then, each fountain-encoded packet is encoded individually over a single sub-carrier by error correcting codes. This is different from the traditional FEC layer. Here, we call opportunistic error correction based on Option I as OEC-I and the one with Option II as OEC-II. In [10] , we have investigated the performance of OEC-I. With the same throughput, simulation results showed that OEC-I has a SNR gain of 7.5 dB comparing to the IEEE 802.11a system [10] . However, the performance of OEC-II is still not clear. In this paper, we study OEC-II with respect to the mitigation of noise and interference.
The paper is organized as follows. Opportunistic error correction is first depicted where we explain why this new method suits for OFDM systems and how it works. In section III, we describe system model by showing how we apply this novel scheme in OFDM systems. After that, we compare its performance with FEC layers from WLAN systems over Channel Model A [7] in the simulation. The paper ends with a discussion of conclusions.
II. OPPORTUNISTIC ERROR CORRECTION
In OFDM systems, coding is performed in the frequency domain. Source data can be coded either jointly or separately over all the sub-carriers. That depends on how an encoded packet is transmitted:
• Mode I is to transmit a packet over all the sub-carriers.
In such case, the coding is done jointly over all the subcarriers.
• Mode II is to transmit a packet over a single sub-carrier.
With this mode, the coding is performed separately over all the sub-carriers. Both transmission modes have advantages and disadvantages. Mode I takes the advantage of the fact that sub-carriers with high energy can compensate for those in deep fading. That lets Mode I endure a higher noise floor than Mode II to achieve the same quality of communication. Assuming that some packets are transmitted over a wireless channel as shown in Fig. 1 and that a packet is received correctly when SNR ≥ 12 dB. In this example, the maximum noise floor for Mode I is around -15 dB as seen in Fig. 2 . But the maximum noise floor for Mode II is around -25 dB, which is determined by the sub-carrier with the lowest energy. However, using Mode II allows the receiver to predict whether the received packet is decodable at a high probability, as each sub-carrier can be modeled as a flat-fading channel. The packets transmitted over the sub-carriers in deep fading can be discarded before going through the whole receive chain. That saves the processing power. Unfortunately, this does not apply to Mode I.
Although Mode I affords a higher noise floor than Mode II, it is still not optimal as there might be a waste of processing power. Also, because each sub-carrier is equally important for Mode I, the noise floor in Mode I is limited to the dynamic range D of the channel. D is defined as the dynamic range of the channel. As all the sub-carriers suffer the same level of noise floor, sub-carriers with high energy can not be used at full capacity. Correspondingly, there is a waste of channel capacity in the joint coding scheme. To mitigate this, one way is to reduce D by neglecting some part of the channel in deep fading. In such case, the noise floor can be increased (i.e. the channel capacity can be increased). To achieve this, we propose a novel cross coding scheme based on fountain codes, as it combines the joint coding scheme and the separate coding scheme together.
Opportunistic error correction is specially designed for OFDM systems. It is based on fountain codes. A fountain code has a similar property to a fountain of water: when you fill a cup from the fountain, you do not care about which drops of water fall in, you only want your cup filled enough to quench your thirst [9] . In other words, fountainencoded packets are independent to each other. To transmit fountain-encoded packets over the noisy wireless channel, error correcting codes and a certain modulation type have to be applied in each packet. By transmitting a packet over a single sub-carrier, the dynamic range of the channel can be reduced by exchanging the code rate of error correcting codes (i.e. OEC-I) or the modulation order (i.e. OEC-II) with the number of discarded sub-carriers. In such case, we increase the capacity of sub-carriers with high energy by sacrificing those in deep fading. In [10] , we have shown that OEC-I increases the total channel capacity (i.e. noise floor) in comparison with the traditional joint coding scheme. In this paper, we investigate whether this also applies to OEC-II. Fig. 3 shows how OEC-II works. With a fountain code, the transmitter can generate a potential number of fountainencoded packets. In this paper, the transmitter generates N t fountain-encoded packets. Then, each packet is encoded by an error correcting code to make wireless channels behave like an erasure channel. Afterwards, each packet is modulated by a relatively high order mapping scheme, then transmitted over a single sub-carrier. Thus, multiple packets are transmitted simultaneously, using frequency division multiplexing.
At the receiver side, the channel is first estimated. With the channel knowledge, the receiver makes a decision about which packets can go through the whole receiving chain. That gives the advantage of the separate coding scheme (i.e. save processing power). We assume that N r (N r ≤ N t ) fountainencoded packets can go through the error correction decoding. Packets only survive if they succeed in the error correction decoder. The fountain decoder can reconstruct the original file by collecting enough packets. The number of fountain-encoded packets N (K < N ≤ N r ) required at the receiver is slightly larger than the number of source packets K [8] :
where ε is the percentage of extra packets and is called the overhead. For high throughput, ε is expected to be as small as possible. However, fountain codes (e.g. Luby-Transform (LT) codes [11] ) require a large ε for small block size by only using the message-passing algorithm [12] to decode. For example, the practical overhead of LT codes is 14% when K = 2000, which limits its application in the practical system [13] . In [10] , we have shown that the overhead is reduced to 3% by combining the messaging-passing algorithm and Gaussian elimination to decode LT codes for K ≥ 500 at the expense of a higher complexity.
In this paper, we use LT codes in the proposed error correction layer. This new scheme is generic: any fountain codes (e.g. LT codes, Raptor codes [14] and online codes [15] ) can be applied in it. To have a small ε for small block size, we choose to decode LT codes by combining the message passing algorithm and Gaussian elimination in this paper.
III. SYSTEM MODEL OEC-II can be applied in the OFDM system. In this paper, we take the IEEE 802.11a system as an example of OFDM systems. The FEC layer in the current 802.11a system is based on Rate Compatible Punctured Codes (RCPC). These codes only have good performance for random bit errors. Interleaving is employed to reduce burst errors. Each encoded packet is transmitted over all the sub-carriers, as the subcarriers with high-energy can compensate for those with lowenergy. Although this solution works well in practical systems, it is not optimal due to the followings:
• The maximum level of the noise floor endured by the current FEC layer is dependent on the dynamic range of the channel.
• It is not beforehand known whether the received packet is decodable at a high probability. That leads to a waste of processing power.
The above problems can be solved by OEC-II as depicted in Fig. 4 . The key idea is to generate additional packets by the fountain encoder. First, source packets are encoded by a LT code which is designed by choosing the parameters c = 0.03 and σ = 0.3 [8] . Then, a 12-bit CRC checksum is added to each fountain-encoded packet before the LDPC encoding is applied. In this paper, we choose the (324,648) LDPC code defined in the IEEE 802.11n standard [16] to encode each fountain-encoded packet. On each sub-carrier, a fountain-encoded packet is transmitted.
At the receiver side, we assume that synchronization and channel estimation are perfect in the simulation. If the SNR of the sub-carrier is equal to or above the threshold, the received fountain-encoded packet will go through the LDPC decoding, otherwise it will be discarded. This means that the receiver is allowed to discard low-energy sub-carriers (i.e. packets) to lower the processing power consumption. After the LDPC decoding, the CRC checksum is used to discard the erroneous packets. As only packets with a high SNR are processed by the receiver, this will not happen often. When the receiver has collected enough fountain-encoded packets, it starts to recover the source data.
IV. PERFORMANCE ANALYSIS
In this section, we analyze the performance of OEC-II by comparing 5 FEC layers. The IEEE 802.11a standard allows 10% packet loss. Because fountain codes promise an error-free communication quality, we compare those FEC layers under the condition of the same effective throughput (i.e. the same effective transmission data rate of 10.8 Mbits/s). FEC I is a RCPC with interleaving from the IEEE 802.11a standard with R I = 0.5 and QPSK as the modulation scheme. In FEC II, we use the (324,648) LDPC code from the IEEE 802.11n standard to encode source bits. Each encoded packet is mapped to QPSK symbols then transmitted over all the sub-carriers. Correspondingly, FEC II is a joint coding scheme as well. One packet is 54 Bytes 1 , so 10% packet loss is equivalent to a BER of 2.3 × 10 −4 . FEC III is OEC-II based on fountain codes. FEC III employs the same modulation scheme as FEC I and II. In FEC III, the code rate of LT code R LT is around 0.97 and the code rate of LDPC plus CRC R LDPC−CRC is around 0.48, so its total code rate R III is around 0.47. FEC III is allowed to discard around 4% (i.e. 0.5 × 0.9/0.47) of data sub-carriers. FEC IV is OEC-II with QAM-16. In this case, around 52% (i.e. (2 × 0.5 × 0.9)/(0.47 × 4)) of data sub-carriers can be discarded. FEC V is OEC-II with QAM-64 which allows us to discard around 68% (i.e. (2 × 0.5 × 0.9)/(0.47 × 6)) of data sub-carriers. In addition, 48 sub-carriers are used to transmit data as defined in [17] . Fig. 5 are the simulation results. Each simulation point is based on more than 30 million source bits transmitted over Channel Model A [7] . FEC I has a BER of 2.3×10 −4 (i.e. 10% packet loss) when SNR = 15 dB; while FEC II reaches this target BER at SNR = 16 dB. The error-free communication 1 a common value. quality can be achieved by FEC III at SNR = 15 dB, FEC IV at SNR = 8 dB and FEC V at SNR = 11 dB. Therefore, FEC IV (i.e. OEC-II with QAM-16) performs the best, which is followed by FEC V (i.e. OEC-II with QAM-64) then by FEC III (i.e. OEC-II with QPSK). That shows a tradeoff between the performance of OEC-II (i.e. the total capacity of frequency selective channels) and the modulation order. OEC-II is to exchange the order of modulation with the discarded sub-carriers. Higher order means a lower level of noise floor, but also more discarded sub-carriers which can increase noise floor. As each fountain-encoded packet is transmitted over a single sub-carrier, the tradeoff between the performance of OEC-II and the modulation order can be decided from the channel information. In Fig. 5 , one burst data is transmitted over 12 channel conditions. Equivalently, one burst data is transmitted over 576 sub-carriers in total. Here, we define N d is the number of discarded sub-carriers per data burst and P d is the percentage of discarded sub-carriers which can be expressed as:
We denote each sub-carrier by H k and we sort those 576 subcarriers by energy, so we have:
Since we give the same noise floor to every data burst, the maximum level of noise floor afforded by OEC-II depends on the minimum value of H (N d +1) 2 . Fig. 6 Fig. 5 as well. With the same effective transmission data rate (i.e. 10.8 Mbits/s), the simulation result in Fig. 5 shows that OEC-II with QAM-16 has a SNR gain of around 7 dB over the FEC layer from the IEEE 802.11a standard, around 8 dB over the FEC layer from the IEEE 802.11n standard, around 7 dB over OEC-II with QPSK and around 3 dB over OEC-II with QAM-64.
V. CONCLUSIONS In this paper, we propose a robust cross coding scheme OEC-II based on fountain codes for OFDM systems, which 2 m = log 2 (M ), where M is the modulation order.
combines the joint coding and the separate coding over all the sub-carriers. The basic idea of OEC-II is to exchange the order of modulation with the discarded sub-carriers. By transmitting a fountain-encoded packet over a single subcarrier, the receiver is allowed to discard packets over the sub-carriers in deep fading. Therefore, the noise floor (i.e. the data rate of frequency selective channels) can be increased. There is a tradeoff between the performance of OEC-II and the modulation order. OEC-II with QAM-16 performs the best, which is followed by OEC-II with QAM-64 then by OEC-II with QPSK. With the same effective transmission data rate (i.e. 10.8 Mbits/s), the simulation results show that OEC-II with QAM-16 has a SNR gain of around 7 dB over the FEC layer from the IEEE 802.11a standard, around 8 dB over the FEC layer from the IEEE 802.11n standard, around 7 dB over OEC-II with QPSK and around 3 dB over OEC-II with QAM-64.
The performance of OEC-I (i.e. to exchange the code rate of error correcting codes with the discarded sub-carriers) has been studied in [10] . With the same effective throughput, OEC-I has a SNR gain of around 7.5 dB comparing to the conventional 802.11a system. Therefore, further research focuses on the optimization of OEC by combining OEC-I and OEC-II together.
